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DSNB detection in Liquid Scintillator
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§  Expected	signal	
§  DetecLon	basics	
§  Water	Cherenkov	detectors	
§  Organic	scinLllators	
§  Water-based	scinLllators	

Contents


DSNB �
108SN	per	year	

cosmic	background	



DSNB prediction 
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DSNB	predicLon	depends	on	
§ SN	neutrino	spectrum,	<Eν>	
§ redshiR-dependent	Supernova	rate	
(or	star	forma)on	and	IMF)	

John%Beacom,%Ohio%State%University% TAUP,%Munich,%Germany,%September%2011% 12%
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mean local SFR
    (see Figure 2)

Prediction from cosmic SFR

Cosmic SNR measurements

Horiuchi%et%al.%(2011);%
see%also%Hopkins,%Beacom%(2006),%
Bolcella%et%al.%(2008)%

Measured%cosmic%supernova%
rate%is%half%as%big%as%expected,%
a%greater%deviaBon%than%
allowed%by%uncertainBes%

Why?%

There%must%be%missing%
supernovae%–%are%they%faint,%
obscured,%or%truly%dark?%

Preliminary%Dahlen%(2010)%
points%near%solid%line,%below%
preliminary%Dahlen%(2008)%

Objec0ves	of	a	DSNB	measurement	
à  first	of	all:	discovery		
à  average	Supernova	ν	spectrum	

(large	variaLon	on	type	expected)	
à  	redshiR-dependent	SN	rate	
à  	fracLon	of	hidden/failed	SNe	



DSNB spectrum and flux 
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S.	Ando	‘04	 § DSNB	flux:	~102	/cm2s	
§ equiparLLon	between	flavors	
§ best	possibility	for	detecLon	in	
water	and	LS:	inverse	beta	decay	

§ expected	rate:	~1	per	10	kt.yrs	

5 

Detected	spectrum	as	func<on	of	<Ev>	



DSNB irreducible backgrounds 
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avoid	
reactors	
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poles	



DSNB detection window 
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§ People	are	pre_y	sure	I	exist.	
§ They	have	a	rough	idea	what	I	look	like.	
§  It	is	a	long	wait	unLl	you	get	a	decent	picture	of	me.	
§ There	is	lots	of	other	stuff	
that	might	be	mistaken	for	me.	

 Quickie: What am I?




	
	
§ People	are	pre_y	sure	I	exist.	
§ They	have	a	rough	idea	what	I	look	like.	
§  It	is	a	long	wait	unLl	you	get	a	decent	picture	of	me.	
§ There	is	lots	of	other	stuff	
that	might	be	mistaken	for	me.	

 Answer: The Loch Ness monster.




DSNB detection in Super-Kamiokande 
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§  large	target	mass:	25	kt	
à	order	2-3	events/yr	expected	

§ but:	delayed	neutron	capture	
in	IBDs	hard	to	tag	(see	later)	
à	addiLonal	backgrounds	



positron	energy	[MeV]	

à  resulLng	limit	from	SKI-III:	
φν	<	2.9	cm-2s-1	for	E(e+)>16MeV	

Best limit from SK 2011 analysis 

Michael Wurm DSNB 11 

Backgrounds	in	pure	water	
§  solar	neutrinos	(8B):	E>16MeV	
§  IBDs	from	atmospheric	νe‘s	
§ Michel	electrons	from	CC	of	
low-energy	atmospheric	νμ‘s	
(a.k.a.	“invisible	muons“)	

§ NC	elas0c	scaMering	of	atm.	ν‘s	
§ π	misiden0fca0on	

#	



positron	energy	[MeV]	

à  resulLng	limit	from	SKI-III:	
φν	<	2.9	cm-2s-1	for	E(e+)>16MeV	

Best limit from SK 2011 analysis 
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#	Backgrounds	in	pure	water	
§  solar	neutrinos	(8B):	E>16MeV	
§  IBDs	from	atmospheric	νe‘s	
§ Michel	electrons	from	CC	of	
low-energy	atmospheric	νμ‘s	
(a.k.a.	“invisible	muons“)	

§ NC	elas0c	scaMering	of	atm.	ν‘s	
§ π	misiden0fca0on	



Approach 1: Use more water! 
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Prospects of detection in water 
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Several	op0ons:	
§  increase	staLsLcs	drasLcally	
à	Hyper-Kamiokande	

HK	w/o	
neutron	
tagging	



Approach 2: Increase contrast 
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Prospects of detection in water 
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Several	op0ons:	
§  increase	staLsLcs	drasLcally	
à	Hyper-Kamiokande	

§  tag	the	delayed	neutron	
à	by	clever	trigger	logic	
					(efficiency	~20%)	à	applied	in	SK	
à	by	doping	with	gadolinium	
					(efficiency	~60%)	à	GADZOOKS!	

HK	w/o	
neutron	
tagging	

HK+Gd	



Alternative: Organic liquid scintillator 
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main	advantage:	neutron	tagging	in	IBD	comes	for	free	
à	all	single-event	backgrounds	can	be	easily	rejected	

DSNB	detecLon	
in	LENA	(2006)	



Alternative: Organic liquid scintillator 

Michael Wurm DSNB 18 

main	advantage:	neutron	tagging	in	IBD	comes	for	free	
à	all	single-event	backgrounds	can	be	easily	rejected	
	
sLll,	large	target	mass	required:	
à	LENA	(50kt)	
à	JUNO	(20kt)	

RENO-50 (18kt)



KamLAND extraterrestrial antineutrino search 
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KamLAND	
“high	energy“	
data	(2011)	
	
exposure:	
		4.53	kt	

§  target	volume	too	small	to	discover	the	DSNB	signal	(order	0.1	kt-1yr-1)	
§ but	sufficiently	large	to	check	for	backgrounds	



Other	inverse	beta	decays	
§ reactor	anLneutrinos	
§ atmospheric	anLneutrinos	
à	defines	observaLon	window	

Spalla0on	isotopes	
§ βn-emi_ers:	9Li	&	8He	
à	depth	
à	veto	using	Lme,distance-		
					correlaLon	to	parent	muon	

External	neutrons	
§  fast-neutrons	
à	depth	
à	fiducial	volume	cut	

	

Background: The usual suspects 
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who ordered this?




Atmospheric neutrino NC reactions 
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12C	

νx	 νx	

n	

p	

10B	

Background:	NC	neutrino-nucleon	sca_ering	with	neutron	in	final	state	



Atmospheric neutrino NC reactions 
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12C	

νx	 νx	

n	

p	

10B	
à		prompt	event:	quenched	signal	

of	proton	(and	10B)	recoil	

à		delayed	event:	
neutron	capture	on	hydrogen	

Background:	NC	neutrino-nucleon	sca_ering	with	neutron	in	final	state	



Possible compositions of final states 
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There	is	a	long	list	of	final	states	with	single	neutrons	...	

Total	rate	found	in	KamLAND:	3.6±1.0	kt-1yr-1	
à	more	than	an	order	of	magnitude	greater	than	DSNB	signal!	



NC BG reduction 1: Delayed Decays 

Michael Wurm DSNB 24 

Several	of	the	spallaLon	isotopes	produced	are	not	stable:	

à	potenLally	allows	to	tag	about	40%	of	the	NC	background	events		
à	remaining	amount	is	sLll	several	Lmes	the	DNSB	signal	

à taggable

à  stable

à  stable

à too fast

à  stable

à  stable

à  stable

à too fast

à  stable

à too slow

à taggable




NC BG reduction 2: Pulse Shape 
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12C	

νx	 νx	

n	

p	

10B	
à		prompt	event:	quenched	fragments	

pulse	shape	differs	significantly	from	e+	

à		delayed	event:	neutron	
looks	like	the	real	thing	

Background:	NC	neutrino-nucleon	sca_erings	with	neutron	in	final	state	



Pulse Shape measurements 
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Pulse	shapes	in	linear	alkyl-benzene	(LAB)	were	studied	for	SNO,	LENA	and	JUNO:	
à	scinLllator	composiLon:	LAB	+	2-3	g/l	PPO	(+	20mg/l	bis-MSB)	

from MLL measurements at TUM: Evis=2-2.5MeV


à	excellent	parLcle	discriminaLon	properLes	

O‘Keeffe et al., arXiv:1102.0797
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Pulse Shape Discrimination for DSNB 
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PSD	to	be	used	not	only	for	atmospheric	NC	but	also	fast	neutron	background:		

à  IBD	acceptance	has	to	be	reduced	to	~50%	to	obtain	sufficient	BG	rejecLon	
à  fast	neutron	detecLon	allows	to	use	almost	the	enLre	scinLllator	volume		

PSD	discrimina0on	efficiency	vs.Evis	
DSNB	signal	acceptance:	95%	

IBD	acceptance	 FN	rejecLon	 NC	rejecLon	

95%	 84.3%	 66.6%	

90%	 91.8%	 87.4%	

80%	 95.2%	 94.8%	

55%	 97.8%	 98.9%	

50%	 98.1%	 99.1%	

40%	 98.5%	 99.3%	

PSD	efficiencies	vs.	signal	acceptance		



Backgrounds to DSNB detection 
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PSD 

before	PSD:	
§ atmospheric	ν	NC	reacLons	
§  fast	neutrons	
dominate	the	DSNB	signal	

	

a_er	PSD:	
§ atm.	NC	&	FN	greatly	reduced	
§ reactor	&	atmospheric	IBDs	
define	observaLon	window	

	

from	JUNO	Yellow	Book	



DSNB discovery/exclusion in JUNO 
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§  Discovery	poten0al	
¨  esposure:	17kt	x	10	yrs	
¨  syst.	uncertainty	on	BG:	5%	

			à	possibility	for	evidence	
		of	DSNB	signal	at	3σ	level	

§  Exclusion	plot	
¨  same	assumpLons	as	before	
¨  only	BG	predicLon	detected	
à	significant	improvement	over	

current	Super-K	limit	

from	JUNO	Yellow	Book	



Potential of water-based scintillators 
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plot	by	Mifang	Yeh	

à new properties!




Potential of water-based scintillators 
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plot	by	Mifang	Yeh	

behaves like �
water Cherenkov �

cf. SK


behaves like �
organic scintillator�
cf. JUNO, LENA


à new properties!




Adding scintillation to Cherenkov detector 

Michael Wurm JUNO 32 

compared	to	pure	water	
§ adds	neutron	detecLon	tag	
§ “invisible	muons“	no	longer	invisible	

positron	energy	[MeV]	



Adding scintillation to Cherenkov detector 
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compared	to	pure	water	
§ adds	neutron	detecLon	tag	
§ “invisible	muons“	no	longer	invisible	
§ but:	appearance	of	
atmospheric	NC	background?	



Adding Cherenkov to scintillation detector 
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compared	to	pure	water	
§ adds	neutron	detecLon	tag	
§ “invisible	muons“	no	longer	invisible	
§ but:	appearance	of	
atmospheric	NC	background?	

à		prompt	event:	low-energy	protons	(α‘s,	nuclei):	
no	emission	of	Cherenkov	light!	

	
à	WbLS	might	provide	very	efficient	discrimina0on!	

p	

νe	

e+	

_	

n	

à		prompt	event:	positron	emits	
both	scinLllaLon	and	Cherenkov	



Requirements of a future DSNB detector 
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§  large	target	mass	(>>25kt)	for	
o  guaranteed	discovery	at	5σ	level	
o  measurement	of	mean	spectral	energy	

§  far	away	from	nuclear	reactors	

§ close	to	the	equator	(reduce	atmospheric	BG)	

§ sufficient	depth	and/or	water	shielding	
for	fast	neutron	suppression	

§ possibility	to	tag	delayed	neutrons	(Gd,LS)	
§ some	means	of	prompt	event	discriminaLon:	
o  pulse	shape	discriminaLon	(LS)	
o  Cherenkov/scinLllaLon	(WbLS)	



Thank you! 
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Backup Slides 
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Pulse-shape discrimination (PSD) I 

Michael Wurm Detection of  astrophysical neutrinos in JUNO 38 

§  same scintillator (LAB + 3g/l PPO + 20 mg/l bisMSB) 
§  lower photoelectron yield: 250 pe/MeV 
§  better PMT timing: ~1ns (1�) 

based on 
LENA MC: 



Pulse-shape discrimination (PSD) II 
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§  based on tail-to-total ratio (&Gatti par) 
§  for 50% acceptance: 

DSNB rate: 0.7–1.9 yr-1, BG rate: 0.6 yr-1  

IBD	
Acceptance	

FN	
Rejec0on	

95%	 15.7%	

90%	 8.2%	

80%	 4.8%	

55%	 2.2%	

50%	 1.9%	

40%	 1.5%	


